Olive oil has beneficial effects on human health. The lower incidence of coronary heart disease and certain type of cancers in Mediterranean area has been associated to the olive oil intake. These healthy effects are attributed to the high ratio between monounsaturated and saturated fatty acids in olive oil and to the antioxidant property of its phenolic compounds (Tripoli et al., 2005) . Fatefully, these compounds are the main responsible for causing inhibition of microbial communities and operational problems during the anaerobic treatment of olive oil mill effluent (Beccari et al., 1999) .
Introduction
Olive oil has beneficial effects on human health. The lower incidence of coronary heart disease and certain type of cancers in Mediterranean area has been associated to the olive oil intake. These healthy effects are attributed to the high ratio between monounsaturated and saturated fatty acids in olive oil and to the antioxidant property of its phenolic compounds (Tripoli et al., 2005) . Fatefully, these compounds are the main responsible for causing inhibition of microbial communities and operational problems during the anaerobic treatment of olive oil mill effluent (Beccari et al., 1999) .
Olive mill wastewater (OMW) is a complex effluent obtained from the traditional press and the continuous three-phase mills of olive oil production with a variable amount of lipidic compounds (4e25 g L À1 ) (Hamdi, 1992; Angelidaki et al., 2002) and phenolic compounds (3e12 g L À1 ) (Beccari et al., 1999; Khoufi et al., 2006) . The anaerobic digestion of raw OMW has been reported as a difficult process (Morillo et al., 2009) . Boari et al. (1984) achieved instability and poor reproducibility on the start-up of up-flow anaerobic sludge blanket (UASB) reactors treating OMW. They reported foam formation, accidental organic overloads and biomass washout. Later, Zouari and Ellouz (1996) removed the oil layer from OMW to avoid inhibition caused by lipids.
Nevertheless, it was revealed to be insufficient since the accumulation of recalcitrant coloured compounds caused an irreversible inhibition of bacterial growth. More recently, Khoufi et al. (2006) operated an anaerobic filter packed with polyurethane foam cubes, at an organic loading rate (OLR) of 4 g COD L À1 d À1 of raw OMW. They observed a decrease of pH, biogas production and yield and accumulation of VFAs. Different strategies have been applied to enhance OMW biodegradation. Pre-treatments have been proposed to detoxify the effluent (Azabou et al., 2010; Khoufi et al., 2009 ). Other researchers decrease OMW toxicity by co-digestion with agro-industrial residues (Dareioti et al., 2010; Fountoulakis et al., 2008) . Instead of removing or degrade OMW toxic compounds before the anaerobic treatment, Beccari et al. (1999) and Hamdi (1992) performed batch experiments to get insights to the problem of OMW biodegradation and toxicity. They concluded that among the OMW inhibitory substances, the darkly coloured polyphenols induced the problem of OMW biodegradation, whereas the long-chain fatty acids (LCFA), tannins, and simple phenolic compounds were responsible for its toxicity to methanogenic bacteria.
Olive oil is composed of triglycerides that consist of a mixture of LCFA, mainly oleic acid bonded to glycerol. Microbial oxidation of LCFA has been intensively studied (Lalman and Bagley, 2001; Pereira et al., 2002 Pereira et al., , 2004 . The two main problems related to the treatment of lipids/LCFA containing effluents are sludge flotation and biomass washout due to the adsorption of lipids/LCFA onto the biomass and inhibition of anaerobic microbial communities by LCFA (Hwu et al., 1998; Kim et al., 2004) . The operational problems caused by LCFA led researchers to find new strategies to treat oily wastewaters (Pereira et al., 2005; Kuang et al., 2006; Cavaleiro et al., 2009; Palatsi et al., 2009) . The new concepts to enhance lipids degradation based on reactors operation and feeding strategies are promising to real oily effluents depuration ). However, most of these studies were accomplished with LCFA/lipid-based synthetic effluents, avoiding the interfering presence of other compounds usually present in real effluents. Moreover, less attention has been given to the patterns of individual LCFA oxidation during the operation of reactors treating real/industrial complex oily wastes and wastewaters (Jeganathan et al., 2006; Martín-Gonzá lez et al., 2011; Neves et al., 2009a) . Until now, the behaviour of individual LCFA during the continuous anaerobic digestion of OMW has not been reported.
In this work, different strategies to convert efficiently OMW to methane and to prevent and recover inhibited reactors by lipids/LCFA were investigated concerning, mainly, the inoculum type, the feeding mode, nutrients requirement and the reactor design. The degradation of individual LCFA was monitored along the reactors operation to assess the accumulated intermediates. The removal of phenolic compounds was examined.
Methods

Inoculum and substrate
Two different inocula e sludge acclimated to oleate (S1) and non-acclimated sludge (S2) e were used for the reactors operation. The sludge acclimated to oleate was obtained as described elsewhere APHA et al., 1998) . Total phenols (TPh) were evaluated by a modified Folin-Ciocalteau method (Singleton and Rossi, 1965) . Colour was determined by measuring the absorbance at 390 nm. LCFA (myristic (C14:0), palmitic (C16:0), palmitoleic (C16:1), stearic (C18:0), oleic (C18:1) and linoleic (C18:2)) in the solid and liquid phases of the reactors content were analysed according to Neves et al. (2009a) . Methane produced in batch experiments was analysed in a gas chromatograph (Chrompack 9000) equipped with a FID detector and a 2 m Â 1/8 00 Chromosorb 101 (80e120 mesh) column.
Nitrogen was used as carrier gas (30 mL min
À1
). The column, injector, and detector temperatures were 35, 110, and 220 C, respectively. Methane produced in the reactors was analysed in a Micro Gas Chromatograph (CP-4900, Varian), equipped with a TCD column. Helium was used as carrier gas (150 kPa) and the temperatures of the column and injector were 80 and 110 C, respectively. Specific methanogenic activities (SMA) of both inocula (S1 and S2) were measured as described elsewhere (Gonç alves et al., 2011) using acetate (30 mM) and w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 1 6 8 4 e1 6 9 2 H 2 /CO 2 (80/20 v/v, 1 bar) as substrates. Methane production was corrected for standard temperature and pressure (STP) conditions.
2.3.
Reactors: experimental set-up and operation mode
Two up-flow anaerobic reactors of 2.5 dm 3 (useful volume)
were used. They consisted in an anaerobic chamber and an external jacket which kept the temperature at 37 C. A solidegas liquid separator was connected at the middle of the reactor to avoid washout and to promote the degradation of the accumulated substrate onto the biomass (Fig. 1) . Reactors R1 and R2 were inoculated with S1 and S2, respectively. The initial biomass concentration in both reactors was approximately 10 g VS L À1 . OMW was diluted with tap water. Sodium bicarbonate (5 g L
À1
) was added to provide neutral pH and suficient alkalinity inside the reactor. The reactors operation was performed in two phases and the conditions are presented in Table 2 . The first phase, from period I to III, was characterised by the intermittent feeding of the reactors and the nitrogen non-addition (COD:N of 230e270:1). Two batch periods were applied (B1 and B2) in reactor R1 and one batch period (B1) in reactor R2. In the second phase (from period IV to VII), both reactors were operated in a continuous mode and an additional nitrogen source (NH 4 Cl) was used to provide an influent with a COD:N ratio of 100:1. In this phase the organic loading rates (OLR) were increased by varying the COD influent from 10 to 48 g COD L À1 and the hydraulic retention time (HRT) from 10 to 6 days. Biogas was measured daily by a gas meter (Milligascounter, Ritter, Germany) and corrected for standard temperature and pressure (STP) conditions. The effluents were analysed twice a week in terms of total and soluble COD, TPh, colour and solids. LCFA were measured at the beginning and end of the periods. The produced methane was converted to its equivalent COD (kg COD-CH 4 ) considering the theoretical methane potential (0.35 m 3 CH 4 kg À1 COD). The methane yields were calculated using the following equation (Eq. (1) 
Results
3.1.
First experimental phase: effect of intermittent feeding on CH 4 production and COD conversion
The reactors start-up was performed with diluted OMW (4.8 g COD L
À1
) at an HRT of 10 days along 50 days ( Fig. 2 e Period I). In this period, both reactors showed an average biogas production of 0.13 m 3 m À3 d
, COD removal up to 88% and methane percentages in biogas higher than 60%. R1 was more stable than R2 in Period I. However, when the OLR was increased twofold by changing the HRT from 10 to 5 days, a sudden decrease of biogas production occurred in R1 (Period II-a), which, after 15 days, achieved values as low as 30% and 5%, for the percentage of methane in the biogas and for the methane yield, respectively. In order to avoid a complete inhibition, the reactor feeding was stopped and a batch period was initiated (Period B1). Biogas production was noticed during the batch period. Once the biogas production stopped, the feeding was restarted at the same conditions of Period II-a. Notwithstanding the recovery of biogas quality (CH 4 content around 50%) and of methane production, the overall methane yield remained low, between 20 and 30% of the theoretical value. Therefore, a new batch period was applied (B2).
In reactor R2, only one batch period was applied on day 130, when the reactor was almost failing. The biogas production increased when the feed was stopped, as observed in reactor R1. To ascertain if the HRT contributed for reactors disturbance, in period III, 10 days of HRT was reapplied to both reactors. OMW concentration was increased to 10 g COD L À1 to maintain the OLR of the previous period. In this period, both reactors showed a slight recovery of the system performance since CH 4 percentage and COD removal efficiency increased until values of 60% and 80%, correspondingly. Nevertheless, the overall methane yields of the reactors remained low, achieving values of only 21 and 18% for R1 and R2, respectively. One of the main limitations that were behind the low methane yields obtained could be the low nitrogen content of the OMW. Therefore this aspect was studied in a second experimental phase.
Second experimental phase: nitrogen supplementation effect and continuous feeding
The required COD:N:P ratio depends on the loading rate and a reasonable ratio for highly loaded processes (0.8e1.2 kg COD kg VSS À1 d À1 ) is 250:5:1 (Droste, 1997) .
Recently it has been suggested that nutrients in wastewater treatment processes are often more than the required, since the COD removal efficiencies and the biomass yield are usually not considered (Ammary, 2005; Hussain et al., 2008) . The comparison of the reactors performance with other works in terms of COD:N ratios, COD removal and methane efficiencies is presented in Table 3 . Ammary (2005) reported that the OMW with a COD:N:P ratio of 911:5:1.7 had the sufficient nutrients to have an efficient treatment. The author obtained Fig. 1 e Reactors experimental set.
w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 1 6 8 4 e1 6 9 2 high COD removals of about 83%, but the methane yield was not discussed. Hussain et al. (2008) concluded that the optimum COD:N:P estimated for phenolic wastewater treatment is 300:1:0.1. They refer that the variation of COD:N:P from 30:1:0.1 to 300:1:0.1 did not influence the conversion of phenol COD to methane COD. The option of studying, in a first phase, the degradation of OMW without nitrogen addition was based in those studies. From Period I to III, the OMW COD/N ratio ranged from 230:1 to 270:1. The OMW degradation without nitrogen addition led to COD removals of 70e72% but the COD mineralization to methane was low, mainly in the periods II and III. In period IV, a nitrogen source was supplemented to both reactors increasing the COD:N ratio to 100:1 and it corresponded to a concentration of about 100 mg N L
À1
. The overall methane yield increased immediately from 21 and 18% to 76 and 93%, for reactors R1 and R2, respectively (Table  3) . After 9 days of operation with the supplemented feed, it was obtained an effluent with 30 and 37 mg N L À1 for reactors R1 and R2, respectively. At the end of period IV (after 43 days), the effluents from reactors R1 and R2 presented an effluent with 78 and 52 mg N L
, respectively. Nitrogen addition was, in this case, essential to convert efficiently OMW to methane.
From period IV to VII, the reactors were operated in continuous mode along 135 days at an OLR between 1.0 and 4.8 kg COD m À3 d
, corresponding to an influent COD increment from 10 to 48 g COD L
. Table 4 presents the reactors performance in terms of biogas production, methane content and COD conversion. For reactor R1, a gradual enhancement of biogas productivities was observed till 1.4 m 3 m À3 d
, at an OLR of 4.8 kg COD m À3 d
. COD removal efficiencies of 81e87% were achieved and the average of the methane content in biogas varied between 70 and 74%. A different approach was applied for R2 in the last period. The OLR was increased by changing the HRT from 10 to 6. The objective was to optimise the reactors operation and to verify if the HRT change, at this stage, would cause any severe disturbance, as Fig. 2 e Performance data during the 1st phase of operation (intermittent feeding mode). Biogas production (), percentage of methane in the biogas (*), total COD removal efficiencies (A) and CH 4 yield (:) are presented for reactors R1 and R2. w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 1 6 8 4 e1 6 9 2 occurred in a previous period. For comparison, it was applied a similar OLR on R1, by increasing the influent COD and keeping the HRT in 10 days. At this period, the decrease of HRT did not promote a severe inhibition of the reactor, suggesting that biomass was gradually acclimated to OMW. The addition of alkali was kept constant during all operation. However, it is important to note that at higher concentrations of OMW (27e48 g COD L À1 ), the pH in the feeding tank decreased from values of 7e8 to values around 5.3e6.5. Although the low pH in the feeding tank, a neutral pH was kept inside the reactor during all operation.
Long-chain fatty acids oxidation: intermittent and continuous feeding
In R1, LCFA accumulated during the periods II-a and II-b, achieving maximum values of 0.18 and 0.11 g COD-LCFA g VS
À1
, respectively (Fig. 3) . These LCFA concentrations were obtained at the time that an inhibitory effect occurred, causing almost cessation of biogas production. A higher accumulation of 0.41 g COD-LCFA g VS À1 was observed in R2 since the single batch period was only applied at day 130. The LCFA content inside the reactors was significantly lower at the end of the batch periods. The ratio between the LCFA degraded and the methane produced during the batch periods was 0.91 and 0.60 for B1 and B2 of reactor R1, respectively, and 0.58 for reactor R2. In the second experimental phase, no feed-less periods were applied. At this phase, LCFA started to accumulate again, when the OLR was increased to 1.9, 3.1 and 4.5 or 4.8 kg COD m À3 d À1 (Periods VeVII). At the end of operation (Period VII), the reactors showed similar concentrations of total LCFA, 0.16 and 0.20 g COD-LCFA g VS À1 for R1 and R2 respectively, as well as similar individual LCFA concentrations. Interestingly, in the first periods of reactors operation, oleate (C18:1) was the main LCFA compound accumulated in proportions of 40e51% and 48e51% for R1 and R2 respectively, followed by palmitate (C16:0) and stearate (C18:0). Afterwards, a shift in the LCFA accumulation pattern was noticed. In the final periods of the reactors operation, palmitate started to accumulate inside the reactors at higher concentrations than oleate (Periods VI and VII). At period VII, palmitate represented 69 and 56% of total LCFA for R1 and R2, respectively. Stearate increased slightly in both reactors but was always low and palmitoleate (C16:1) was not detected during all the experimental operation. Linoleate was always present at low concentrations.
Phenolic compounds
An improvement of phenols removal was observed in both reactors, mainly during period I, demonstrating an adaptation of the microbial consortium to phenolic compounds. Afterwards, the average values of phenolic removal efficiencies during feeding periods were about 43 and 38%, ranging from 30 to 57 and from 24 to 57%, for reactors R1 and R2, respectively (Fig. 4) . During the batch periods, the effluent phenolic concentration decreased, and removal efficiencies of 60% (R1) 
and 81% (R2) were obtained, representing respectively a remarkable additional conversion of 20 and 50% of phenolics. In the second experimental phase, the influent phenolic concentration increased from 0.2 to 1.8 g L
À1
, but the removal of phenolics was not affected. A brown effluent colouration was obtained during all operation mainly caused by the remaining fraction of recalcitrant phenolic compounds. This fact indicates that the digested effluent needs a posttreatment to accomplish the discharge limits of sewer systems.
Discussion
The recent trends in the research of OMW treatment and valorization comprise the degradation of the inhibitory compounds before the anaerobic digestion process (Azabou et al., 2010; Khoufi et al., 2009 ). Nevertheless, lipids are attractive for biogas production because they have a high methane yield potential . Several strategies to optimise the degradation of lipids/LCFA and to recover inhibited reactors by LCFA had been recently discovered Palatsi et al., 2009 Palatsi et al., , 2010 Zhang et al., 2011) . In this work, we propose different strategies to convert efficiently OMW to methane and to overcome the problems caused by lipids/LCFA. The first tested strategy consisted of using an acclimated inoculum to oleate for the start-up of one of the reactors (R1).
The other reactor (R2) was inoculated with non-acclimated sludge, for comparison. It has been reported that the tolerance to LCFA toxicity can be improved by promoting biomass adaptation Palatsi et al., 2010) . In fact, the use of an adapted inoculum to oleate enhanced the conversion of OMW to methane in batch experiments (Gonç alves et al., 2011) . However, in this work, the use of an acclimated inoculum to oleate only provided a more stable process at the start-up (Fig. 2 e Period I), not being its use required, mainly for a long term operation. Indeed, the HRT change, in the subsequent period, promoted a decay of the methane production and the accumulation of LCFA in both reactors.
The second tested strategy (intermittent feeding) was used to promote the oxidation of lipids/LCFA present in OMW and, consequently, to recover inhibited reactors and enhance the methane production. This procedure was demonstrated before by Cavaleiro et al. (2009) as a good strategy to promote the degradation of LCFA in a reactor fed with an oleate-based synthetic wastewater. However, being OMW a matrix of complex compounds including phenolics besides oils and LCFA, the previous results cannot be extrapolated without experimental validation. In the present work, a feed-less period was applied whenever the reactors showed a severe decay in the methane yield. The decrease of the methane production was accompanied by a stable COD removal (Fig. 2 e Period IIa). Jeganathan et al. (2006) operated three different UASB reactors with Fig. 4 e Phenolic compounds removal (A) and influent total phenols concentration () during overall experimental periods for reactors R1 (a) and R2 (b). w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 1 6 8 4 e1 6 9 2 a complex oily wastewater and, similarly to this work, they observed a drop in biogas production despite the fact that COD removal efficiencies remained several days above 80%. The accumulated substrate inside the reactor was mainly due to LCFA adsorption onto the biomass. The batch periods promoted the degradation of LCFA, showing that the inhibition was reversible.
In a previous work, Pereira et al. (2004) found that biomass encapsulated with an amount of 1 g COD-LCFA g VS À1 was able to convert this biomass-associated LCFA (mainly palmitic acid) into methane at a maximum rate of 500 mg COD-CH 4 g VSS À1 d
À1
.
The maximum values of biomass-associated LCFA obtained for R1 and R2 (0.18 and 0.41 g COD-LCFA g VS À1 ) are lower than the value proposed by Pereira et al. (2004) and were mainly due to oleate, followed by palmitic and stearate. However, due to the complex nature of OMW, involving a matrix of organics, including phenolic compounds, it is not surprising that a different pattern of LCFA behaviour was obtained in the present work, comparing to the previous experiments where a simple oleate-based substrate was used to study the accumulation and degradation of LCFA. Neves et al. (2009b) also found a lower threshold value for LCFA accumulation onto the solid matrix of about 0.18e0.22 g COD-LCFA g TS À1 in the co-digestion of cow manure, food waste and oily waste. In the present work, the main accumulated LCFA shifted according to the reactor conditions, similarly in both reactors. Oleate was initially the main accumulated LCFA. Then, palmitate started to accumulate at higher concentrations than oleate, stearate was slightly increasing and palmitoleate was not detected (Periods VI and VII). The oleate conversion to stearate and then palmitate by a step of b-oxidation is more likely to occur than the direct b-oxidation of oleate to palmitoleate (Sousa, 2006) . The LCFA degradation mechanism is still unclear (Sousa, 2006) . Palmitic acid has been indicated as the primary detected product from oleic degradation (Lalman and Bagley, 2001; Pereira et al., 2002) . Oleate accumulation was observed as well by Cirne et al. (2007) in the treatment of a lipid-rich (triolein) model waste in batch tests. The experimental results suggest that the metabolic pathways or the limiting step may change during the treatment of OMW, stimulated by the increase of higher lipids/LCFA concentrations. Surprisingly, the intermittent feeding also improved the removal of resilient phenolic compounds reaching the remarkable removal efficiencies of 60% and 81% for the two reactors at the end of a feed-less period. The phenolic compounds that remained inside the reactor could have been degraded, adsorbed or precipitated with proteins, according to the literature. Field and Lettinga (1987) reported that tannin polymers can be effectively adsorbed or precipitated with proteins which lead to its toxic effect. Zouari and Ellouz (1996) mentioned that the accumulation of recalcitrant coloured compounds in the sludge induced an irreversible inhibition of bacterial growth. In our work, a permanent or an irreversible inhibition was not verified since, the increase of phenols concentration from 0.2 to 1.8 g L À1 did not cause a negative effect on the removal ability of the reactors. Nevertheless, the explanation (degradation or a physical mechanism) for the removal of more than 50% of phenolics during the batch periods is still unclear.
LCFA was not the only inhibitory cause throughout the experiment. It was found that nitrogen deficiency in the influent was also the reason for the low methane yields. The supplementation of a nitrogen source boosted immediately the methane yield from 21 and 18 to 76 and 93%, in the two reactors, and maintained LCFA concentration at low levels. Based on the experimental results, it was supposed that the effect of LCFA inhibition was decreased by the addition of nitrogen, which promoted the growth of new bacterial cells and, consequently, an increase of the ratio biomasselipids/ LCFA. This hypothesis is supported by the findings of other authors. For instance, Palatsi et al. (2009) found that the increase of the biomass/LCFA ratio by dilution with active inoculum was a good recovery strategy for LCFA inhibited reactors. Additionally, Kuang et al. (2006) reported that the addition of cysteine (nitrogen source) stimulated the increase of the number of bacteria cells, enhancing the degradation of lipids.
The OLR increase, during the continuous operation, promoted the accumulation of LCFA in both reactors. The LCFA levels were considered as inhibitory concentrations in previous periods. Nevertheless, at this stage, the reactors were not inhibited. Probably, an acclimated consortium capable of adsorbing/degrading higher amounts of LCFA was developed. The results showed an improvement of reactors performance suggesting that biomass was gradually acclimated to olive mill effluent and to its toxic/recalcitrant compounds. The experimental data suggest that the biomass adaptation process to the effluent was more effective than the use of an inoculum previously acclimated to successive exposure to an LCFA inhibitory compound.
The reactor configuration ( Fig. 1 ) was vital to overcome the operational problems caused by lipids. The reactor was designed according with the novel patented IASB reactor concepts, namely the encapsulated biomass retention through flotation and LCFA biomass-free retention through settling . This configuration allowed the well-functioning of the reactor treating a complex oily wastewater. The obtained methane production from OMW with a concentration of almost 50 g COD L À1 suggests that the pre-treatments used to decrease OMW toxicity (Khoufi et al., 2006 (Khoufi et al., , 2009 Azabou et al., 2010) could be avoided in order to maximize the energy recovery from the effluent.
Conclusions
Strategies for an effective anaerobic treatment and valorization of OMW were proposed in this work. The main conclusions were:
1. Alternating periods of continuous OMW feed and batch operations enhanced the mineralization of LCFA inside the reactor and prevent its excessive accumulation. The intermittent feeding also improved the removal of resilient phenolic compounds. 2. Oleate and palmitic were the main LCFA intermediates from olive oil mill effluent degradation that accumulated inside the reactor. The profile of adsorbed LCFA shifted according to the operational conditions.
3. The use of an acclimated sludge was only relevant in the reactor start-up. 4. Nitrogen supplementation was essential for an efficient digestion of OMW, since its addition promptly boosted the reactors methane yield from 21 and 18 to 76 and 93% respectively in both reactors. 5. Biomass retention accordingly to the Inverted Anaerobic Sludge Blanket (IASB) reactor concepts was essential to overcome the typical LCFA degradation problems of sludge flotation and washout.
